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Abstract Over the past decades numerous studies have
reported declines in stony corals and, in many cases, phase
shifts to fleshy macroalgae. However, long-term studies
documenting changes in other benthic reef organisms are
scarce. Here, we studied changes in cover of corals, algal
turfs, benthic cyanobacterial mats, macroalgae, sponges
and crustose coralline algae at four reef sites of the Car-
ibbean islands of Curac¸ao and Bonaire over a time span of
40 yr. Permanent 9 m2 quadrats at 10, 20, 30 and 40 m
depth were photographed at 3- to 6-yr intervals from 1973
to 2013. The temporal and spatial dynamics in the six
dominant benthic groups were assessed based on image
point-analysis. Our results show consistent patterns of
benthic community change with a decrease in the cover of
calcifying organisms across all sites and depths from 32.6
(1973) to 9.2% (2013) for corals and from 6.4 to 1% for
crustose coralline algae. Initially, coral cover was replaced
by algal turfs increasing from 24.5 (1973) to 38% around
the early 1990s. Fleshy macroalgae, still absent in 1973,
also proliferated covering 12% of the substratum approxi-
mately 20 yr later. However, these new dominants largely
declined in abundance from 2002 to 2013 (11 and 2%,
respectively), marking the rise of benthic cyanobacterial
mats. Cyanobacterial mats became the most dominant
benthic component increasing from a mere 7.1 (2002) to
22.2% (2013). The observed increase was paralleled by a
small but significant increase in sponge cover (0.5 to
2.3%). Strikingly, this pattern of degradation and phase
change occurred over the reef slope down to mesophotic
depths of 40 m. These findings suggest that reefs domi-
nated by algae may be less stable than previously thought
and that the next phase may be the dominance of slimy
cyanobacterial mats with some sponges.
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Introduction
Over the past decades benthic sessile communities of
tropical coral reefs have undergone significant changes
worldwide as a consequence of continuous human popu-
lation expansion and industrial development (Hughes 1994;
Gardner et al. 2003; Hughes et al. 2003). The synergistic
effects of anthropogenic disturbances such as overfishing,
coastal development, pollution and climate change have
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triggered shifts in benthic species composition, competi-
tion, productivity and biodiversity (Hughes 1994; Jackson
et al. 2014; De Bakker et al. 2016a). The Caribbean region
and Gulf of Mexico have been particularly affected with an
estimated decrease in scleractinian coral cover up to 80%
on many reefs. This is from an average of 35% cover in the
1970s to a mean of only 14–16% between 0 and 20 m
depth in more recent years (Gardner et al. 2003; Wilkinson
and Souter 2008; Jackson et al. 2014). Over the same time
span, benthic fleshy macroalgae have become a dominant
component on many reef slopes (Hughes 1994; McCook
et al. 2001; Nugues and Bak 2008), with an average
increase in cover from 7 to 23% (Jackson et al. 2014). This
phenomenon is commonly referred to as a ‘coral–
macroalgal phase shift’. The dynamics of both corals and
macroalgae, as well as their competitive interactions, have
received significant attention (e.g. Hughes 1994; McCook
et al. 2001; Nugues and Bak 2008; Bruno et al. 2009).
However, long-term studies following changes in benthic
reef components other than stony corals and macroalgae
are scarce.
The relative absence of studies including sessile
organisms such as sponges, crustose coralline algae (CCA),
gorgonians and benthic cyanobacterial mats (BCM) high-
lights a lack of information on a large proportion of the reef
benthos. A more holistic view of the coral reef benthos
could provide useful insights into the structure and func-
tioning of reef communities. Additionally, the vast major-
ity of coral community studies cover only the shallow zone
of the fore-reef. Communities below 20 m depth have
largely been neglected in temporal studies, even though
these reefs are hypothesised to play a key role in reef
resilience functioning as a possible refuge or buffer for
coral reef organisms (Glynn 1996). The few existing tem-
poral studies that have included reefs below 20 m show
that reef degradation also occurs on upper mesophotic reefs
(down to 40 m) (e.g. Bak et al. 2005; Nagelkerken et al.
2005; Nugues and Bak 2008; De Bakker et al. 2016a).
The exact mechanisms driving coral reef degradation are
likely impelled by a complex mixture of confounding
anthropogenic and natural drivers. Increased eutrophica-
tion, sedimentation and decreased herbivory are among the
most commonly designated factors reducing the ability of
corals and CCA to cope with the various stressors
impacting coral reefs (Littler and Littler 1998; Kuffner
et al. 2008). Chronic nutrient enrichment increases the
severity and prevalence of diseases and bleaching in corals
(Bruno et al. 2003; Vega Thurber et al. 2014) and sedi-
mentation due to land clearing and other disturbance of soil
smothers corals (Rogers 1990; Nugues and Roberts
2003a, b). In addition, the massive die-off of the grazing
sea urchin Diadema antillarum (Bak et al. 1984) around
1983 and continuous overharvesting of herbivorous fishes
(Jackson et al. 2001) has significantly reduced grazing
pressure on fleshy macroalgae in many Caribbean islands
(Mumby et al. 2006). It is recognised that these processes
and events have altered reef condition in favour of more
adaptive, fast-growing organisms such as macroalgae
(Hughes 1994; Bruno et al. 2009).
Besides macroalgae, algal turfs appear to benefit from a
changing reef environment, in particular from eutrophica-
tion (Gorgula and Connell 2004; Vermeij et al. 2010). Due
to their opportunistic life-history characteristics, turfs are
able to rapidly occupy newly available substratum and
algal turfs have become the dominant cover on many coral
reefs worldwide (e.g. Gorgula and Connell 2004; Sandin
et al. 2008; Haas et al. 2010). Algal turfs are multispecies
assemblages of algae and cyanobacteria that can undergo
successional patterns (Connell et al. 2014). They can shift
to macroalgal stands when herbivore pressure is relatively
low, but also to BCM (Bender et al. 2014).
BCM also appear to benefit from increased levels of
eutrophication (Brocke et al. 2015a) and possibly from
selective herbivore browsing because the production of
nitrogenous secondary metabolites makes them largely
unpalatable (Thacker et al. 1997; Nagle and Paul 1998).
Several studies describe the occurrence of harmful blooms,
particularly of thermo-tolerant species (e.g. Hallock 2005;
Paul et al. 2005; Paul 2008; Smith and Schindler 2009;
Charpy et al. 2012). Dense cyanobacterial mats can have a
variety of negative effects on reef communities: they
inhibit recruitment (Kuffner et al. 2006), act as pathogens
(Carlton and Richardson 1995), overgrow and smother reef
benthos (Ritson-Williams et al. 2005; De Bakker et al.
2016b), create an anoxic environment (Brocke et al. 2015b)
and produce chemicals that cause coral and fish mortality
(Nagle and Paul 1998). Thus, an increase in the frequency
of BCM blooms could significantly affect benthic reef
communities.
Sponges are another benthic group abundantly present
on coral reefs, but often overlooked in time-series studies.
They can exceed all other benthic components in cover and
biomass and are in many aspects essential reef components
(e.g. Diaz and Ru¨tzler 2001; De Goeij et al. 2013). Sponge
cover appears to have remained relatively steady for a long
time period (Nagelkerken et al. 2005). However, new
studies describe a recent increase in sponge densities (e.g.
Loh et al. 2015; McMurray et al. 2015), in particular coral-
excavating sponges (Ward-Paige et al. 2005; Carballo et al.
2013). Although sponges are generally not able to rapidly
colonise newly available substratum, they are strong
competitors for space. In many cases they actively over-
grow and kill other benthic organisms (Pawlik et al. 2007).
It is hypothesised that sponges might profit from increased
macroalgal densities, feeding on the dissolved organic
carbon they release (Mueller et al. 2014; Pawlik et al. 2016;
356 Coral Reefs (2017) 36:355–367
123
Rix et al. 2016). This, in combination with a reduction of
spongivores due to overfishing, may give a competitive
advantage over reef building corals (Loh et al. 2015).
We studied the temporal development of the most sig-
nificant benthic components including hard coral, fleshy
macroalgae, crustose coralline algae, algal turfs, benthic
cyanobacterial mats and sponges using the longest running
([40 yr) coral reef time series (Bak et al. 2005; De Bakker
et al. 2016a). Our objectives were to (1) elaborate on
consistencies and variations in benthic coral reef commu-
nity dynamic at four Caribbean reef sites over the fore-reef
slope from 10 to 40 m depth and (2) follow temporal tra-
jectories of major individual benthic sessile groups.
Materials and methods
Site description
Three sites on the leeward reef of Curac¸ao (Carmabi Buoy
One [I and II] and Carmabi Buoy Two [III]) and one site on
the leeward reef of Bonaire (Karpata [IV]) (Fig. 1) have
been visited since 1973 (1974 for Karpata) at intervals of
3–6 yr. At each site four permanent square quadrats (9 m2)
were arranged along a transect at 10, 20, 30 and 40 m
depth. During a survey, overview and detail (*1 m2)
photographs were collected to allow for detailed benthic
community analysis and identification. The time period of
40 yr includes the D. antillarum mass die-off in 1983, three
mass bleaching events in the southern Caribbean (1998,
2005 and 2010) and several tropical storms (Joan: 1988,
Lenny: 1999, Ivan: 2004, Omar: 2008). Detection of
sponges, CCA and cyanobacteria required photographs of
the highest quality. This limited the photographs available
for analysis to 10 surveyed years between 1973 and 2013
(see Fig. 2 for exact years). Most pictures were collected
using a Nikonos-V underwater camera followed by a Nikon
D300 and a Nikon D800, all with high quality lenses and
power flashes.
Benthic community analysis
Overview images were de-skewed using the free transform
option in Photoshop CS6 (Adobe Photoshop CS6 v13.0.1)
to compensate for any picture angle distortion and conform
to the original 9 m2 quadrats. Each overview picture was
overlain with a 100-point (10 9 10) regular grid (e.g.
Nugues and Bak 2008), and benthic cover—biotic and
abiotic—underneath each individual point was determined
in the program Coral Point Count with Excel extension
(CPCe) v4.1 (Kohler and Gill 2006). Detail pictures were
used to resolve ambiguities. The following categories were
assigned: live hard (scleractinian) coral (HC); algal turfs—
filamentous assemblages \1 cm in height (TF); benthic
cyanobacterial mats (BCM); fleshy macroalgae (MA)—
almost exclusively Lobophora spp. and Dictyota spp.;
sponges (SP), further separated into massive and encrusting
growth forms; crustose coralline algae (CCA); bare sub-
stratum (BS) including recently dead coral, coral rubble
and pavement; and sand (SD). Gorgonians, hydrocorals
(milleporids), tunicates (with the exception of Trididem-
num solidum in 1989 at IV-20 m) and other invertebrates
were extremely rare in the photographs and grouped under
the category other (OT). When it was impossible to iden-
tify a point, e.g. due to shading, it was classified as
unidentifiable (25 of approximately 16,000 analysed
Fig. 1 Overview of the survey
sites at a Curac¸ao (I–III),
b Bonaire (IV) and c their
position with respect to the
wider Caribbean Sea. Scale bar
applies to both islands
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points). When a group was overgrowing another, only the
overgrowing group was scored. The category BCM was
only assigned when clear mats were visible. Distinguishing
between turf and early cyanobacterial mats was challeng-
ing, especially in black and white images. This might have
led in some cases to a minor underestimation of the
cyanobacterial fraction and as a consequence our estima-
tion of cover by BCM should be viewed as conservative.
To test for the adequacy of the 100 points count method,
we compared our results for coral cover with results
obtained by digitising the contour of each coral colony and
adding all 2D colony surfaces for each quadrat. Both
methods showed obvious similarity in cover and temporal
patterns (Electronic supplementary material, ESM Fig. S1).
Statistical analyses
Statistical analyses were conducted in the R programming
environment v3.2.3 (R Core Team 2014) and Primer-E
v7.0.9. Within R the following packages were used: vegan
(Oksanen et al. 2016) and mgcv (Wood 2012). Statistical
assumptions of univariate analyses were assessed through
graphical exploration of residual errors.
Multivariate analyses
We applied multivariate analysis techniques (Gauch 1982)
to visualise changes in community composition, based on a
matrix of the original counts for the six most dominant
biotic groups (HC, TF, BCM, MA, SP and CCA) with site
(I, II, III, IV), depth (10, 20, 30 and 40 m) and year
(n = 10) as factors. By omitting the category ‘other’ (due
to low counts) and the non-biotic categories bare substra-
tum (BS) and sand (SD) any collinearity among the
remaining variables was removed. The point data were
fourth-root-transformed to reduce the effect of high-cover
groups. A Bray–Curtis similarity matrix (Bray and Curtis
1957) was computed between years, sites and depths. We
explored temporal changes in composition of our benthic
groups by non-metric multidimensional scaling (nMDS).
nMDS is a widely used method in ecological studies and
provides good discrimination of multivariate patterns
(Kruskal 1964; Clarke et al. 1993). In order to visually
compare temporal linearity in multivariate space, years
were displayed as points and joined in single nMDS plots
for all respective quadrats (Fig. 2). A seriation test was
applied to test for linearity in the development of the
Fig. 2 Non-metric multidimensional scaling ordinations for each
individual quadrat (site-depth combination). Plots are based on the six
most dominant benthic groups: hard coral (HC), algal turf (TF),
benthic cyanobacterial mats (BCM), macroalgae (MA), crustose
coralline algae (CCA) and sponges (SP). Each survey is labelled with
the last two numbers of the year of the survey. Lines represent the
degree and direction of community change between two surveys.
Vector plots are given in inset. Note MA was absent in I-10 m
throughout the entire time series and is therefore not shown
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community (Clarke et al. 1993). The RELATE routine in
Primer-E tests the similarity between patterns of any two
matrices of rank dissimilarities based on Spearman rank
correlation coefficient (Kendall 1948), defined as the index
of multivariate seriation (IMS) (Clarke et al. 1993). Lin-
earity of the observed temporal patterns was assessed using
this RELATE procedure (M = 9999 simulations) in which
the correlation between the community distance (sub)ma-
trix and a model matrix representing the distances in time
between samples was calculated. A two-way RELATE test
was used to assess correlation between patterns at different
depths and sites by comparing submatrices of the individ-
ual quadrats (M = 9999 simulations).
In addition to the seriation tests, multivariate control
chart analysis (Anderson and Thompson 2004) was applied
to the Bray–Curtis matrices to determine when a commu-
nity had become significantly different from the start of the
time series (ESM Fig. S2). The distance-based control
chart method is a robust method that can be applied to
sequential multivariate observations. In contrast to seri-
ation, this method compares the community of each point
in time to a set reference point, in our case the first survey
in 1973 (Curac¸ao) or 1974 (Bonaire). Bootstrapping (1000
bootstraps) was used to provide percentile limits (50, 75,
90 and 95%). Points positioned above the 90% limit were
considered to have a significantly different community
compared to the start of each time series (Anderson and
Thompson 2004). R code for the multivariate control
chart analysis was developed by EM.
Univariate analyses
Understanding the observed changes in the sessile com-
munity as a whole is only possible when looking at the
temporal changes in the individual benthic components.
We applied regression modelling to describe the historical
trajectories of the six dominant benthic groups. Because
ecological data, including our data, are often non-linear,
generalised additive models (GAMs) were used to fit the
data. GAMs are a non-parametric extension of generalised
linear models (GLMs) and model the relationship between
the response variable and the explanatory variables by
means of smoothing curves (Chambers and Hastie 1992).
Each benthic group was individually modelled with per-
centage cover as response variable for the explanatory
variable ‘year’. In total, four nested models were designed
and tested for goodness of fit. The first model contained a
smoothing term combining both depth and site [f(DS)],
leading to a total of 16 smoothers. Assuming analogy in
patterns with depth or site, two less complicated nested
models were designed having four smoothers for either
depth or site. The simplest model had one smoother for
time and the factors depth and site. Inference tests for
selection of the best model were carried out by an F-ratio
test (ESM Table S1).
Various error distributions were applied to the GAMs
and, although the resulting fits were comparable, models
using transformed cover data with a normal (Gaussian)
error distribution, identity link and a gamma value of 1.4
(Kim and Gu 2004) gave the most reliable and robust
outcomes. Several other error distributions, for instance a
beta distribution, caused an estimate bias when a series
included many sequential zero values (BCM, MA, SP and
CCA). Exploration of the model residuals with variogram
plots indicated there was no need to account for temporal
or spatial auto-correlation.
Investigating general patterns
From the GAMs a new matrix was extracted with fitted
values for each year for all 96 time series (i.e. a 40 9 96
matrix). A square-root transformation was applied. To
remove the effect caused by large differences in percentage
cover, fitted values were standardised on the basis of the
maximum cover in each time series. Using Euclidean dis-
tance a nMDS plot was computed to display patterns in
temporal development within and among the six main
benthic groups. To reveal dominant clusters of time series
with similar patterns a cluster analysis was run using the
unweighted pair group method (ESM Fig. S3).
Results
Multivariate benthic community analyses
The sessile biotic community on the studied reefs of Cur-
ac¸ao and Bonaire developed strongly unidirectionally over
the past four decades (Fig. 2). The observed dynamics
showed significant linearity in temporal development at all
four sites and within sites at all four depths (ESM
Tables S2, S3). The nMDS plots displayed a regular dis-
tribution of points from left to right along the horizontal
axis, very much following time. Patterns were homogenous
among sites, but some variation among time series was
found as well (e.g. III-40 and IV-40 m). Vector plots
indicated the direction of the strongest correlation with the
six main groups. The overall dynamics showed a pattern
directed away from hard coral (HC) and crustose coralline
algae (CCA) and moving towards more benthic
cyanobacterial mats (BCM), macroalgae (MA) and, below
10 m, sponges (SP). Linearity in community change was
most pronounced at 20 m for all sites (P[ 0.76; ESM
Table S2) and at 30 m particularly at sites I (P = 0.82,
p = 0.001) and III (P = 0.83, p = 0.001). Control charts
confirmed a gradual change in community composition
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through time (ESM Fig. S2). Both methods—seriation and
control charts—indicated that significant reef community
change was less pronounced at greater depths. Accord-
ingly, moderate to weak but significant IMS scores were
found at 40 m. This is the case, for instance, at sites II
(P = 0.39, p = 0.01) and III (P = 0.36, p\ 0.01) which
also clearly had a more narrow dispersion of points in the
nMDS plots. Rank correlation of multivariate time series
indicated very similar patterns among depths in Bonaire
(P[ 0.64, p\ 0.05; Table S3) and medium to high cor-
relation between depths at the other sites. Values for
within-site correlation were generally smaller than between
sites at the same depth (ESM Tables S2, S3), indicating
that community responses were more structured by depth
than by site. Significantly deviating correlations were
found at 10 m depth between site II and both sites III
(P2 = 0.24, p = 0.10) and IV (P2 = 0.19, p = 0.15) and
at 40 m between Karpata (IV) and all other sites
(P2\ 0.39, p[ 0.087; ESM Table S2). The latter indi-
cated that there has been more variability in patterns of
development at 10 and 40 m depth, compared to 20 and
30 m. Here, community development was very consistent.
Overall, the impact of local incidental disturbances (e.g.
hurricanes, bleaching events, nutrient spikes), or seasonal
variation (e.g. algal blooms during summer), was less
pronounced. Because these effects may be temporary and
the community might have the opportunity to recover, a
response may fall outside the temporal and spatial detail of
our time series.
Individual benthic groups
Scleractinian corals
Between 1973 and 2013 coral cover in Curac¸ao and Bon-
aire declined by 71.8% over all sites and depths (Fig. 3),
from a mean of 32.6 to 9.2 (Table 1). Only at II-30 m did
coral cover not decline significantly (Fig. 3), but here cover
was already relatively low in 1973. Although coral cover
declined universally, the trajectories varied between time
series. At the shallow fore-reef (10, 20 m) cover decreased
by 79% over all quadrats between 1973 and 2013, while at
deeper reefs, a slightly lower decline (61%) was observed.
In general, the decreasing trend in coral cover occurred
gradually through time in a relatively linear pattern with
some exceptions (Fig. 3). The continuous decrease was
only briefly interrupted by a period of apparent recovery
between approximately 1992 and 2002 across the entire
depth gradient of site I. At sites II and III at 40 m depth,
coral cover initially increased until 1998, but subsequently
decreased exponentially towards 2013. At 20 m in IV,
coral cover declined exponentially between 1983 and 1992,
likely due to the expansion of Trididemnum solidum (Bak
et al. 1981; Van Duyl et al. 1981). Around the late 1980s T.
solidum became very abundant on these reefs, particularly
around 20 m, covering up 26% of the quadrat (ESM
Fig. S4), and actively overgrowing and killing corals and
other benthic components (Bak et al. 1996). The GAM
with 16 smoothers explained 97.4% of the deviance (ad-
justed R2 = 0.95) and was always significantly better than
all three alternative nested models (ESM Table S1), which
suggests considerable influence of local variables.
Algal turfs
Turf assemblages increased in cover from 1973, becoming
the dominant biotic benthic component with a mean cover
close to 40% over all quadrats around the late 1980s to
early 1990s. Subsequently, however, an often exponential
decline in cover was observed starting around the late
1990s towards a mean cover of 10.7% in 2013. This is less
than half of the initial cover of 24.7% (Table 1). Similar to
corals, the GAM with 16 separate lines was the best model.
With the second best model (same trends at depth), how-
ever, the difference was less convincing (p = 0.02; ESM
Table S1). In both shallow quadrats (10, 20 m) of site I,
cover of algal turfs did not show a significant change (ESM
Table S4). With the exception of these latter two quadrats
and the almost linear decline at IV-40 m, the dynamic of
algal turfs developed in a highly comparable fashion over
all sites and especially within the same depth.
Benthic cyanobacterial mats
In recent years benthic cyanobacterial mats (BCM) have
shown a striking increase at all sites and depths (Fig. 3). At
the start of the time series BCM were virtually absent
covering a mere 0.1% (Table 1). Other than a small peak
around 1989 on the shallow reef (\20 m) of Curac¸ao,
particularly at 10 m, the period preceding the rise in BCM
is marked by a cover of less than 10% and an absence of
any notable dynamics. After 2002, however, cover
increased strongly, sometimes even exponentially, and by
2009 BCM had become the dominant biotic benthic group
covering 22.2% of the substratum (ESM Fig. S4). GAM
results showed that all but two (sites I-40 and IV-40 m)
curves were significant (ESM Fig. S4), suggesting a lack of
change at these two deeper sites. The most complex model
with 16 smoothers was the best model indicating differ-
ences in patterns of development between sites and depths.
Fleshy macroalgae
There were obvious differences among depths in temporal
patterns of fleshy macroalgae (Fig. 3). At 10 m macroalgae
were almost absent while at 20 and 30 m the expansion on
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Curac¸ao started around 1998. On Bonaire (IV) macroalgae
started increasing from 1983 onward. In addition, at 40 m
depth, macroalgae on Bonaire reached high densities while
they remained almost absent on Curac¸ao at this depth.
Most significant trends showed a gradual decrease in cover
after approximately 2002. With so many zero values the
approximate p values of the smoothers should be inter-
preted with caution. Values above 0.01 should probably be
considered as not significant. The model with 16 different
trends was the best model, confirming the highly variable
Fig. 3 Temporal change in cover of the six dominant benthic groups
between 1973 and 2013. Lines represent the estimated models (with
95% confidence bands). Columns represent sites; I, II, III are in
Curac¸ao, IV is in Bonaire. Rows represent depths. Black dots are
original data points. Note that Y-axes (percentage cover) vary for the
different benthic groups. Significance level of smoothers: *\0.05,
**\0.01
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trajectories between time series in macroalgal cover. A
notable interaction between Dictyota spp. and benthic
cyanobacterial mats was frequently observed, where one
group was overgrowing the other. BCM often appeared to
facilitate growth of Dictyota spp. on sand, possibly by
stabilizing the sandy substratum. In various cases, how-
ever, BCM also actively overgrew and potentially smoth-
ered Dictyota spp. This interaction could contribute to the
observed recent decline in macroalgal cover since we only
incorporated the overgrowing component in our analyses.
Sponges
Although sponges were generally present at low cover,
they increased in the last 10–15 yr, particularly below
10 m depth (Fig. 3). Sponge cover remained low between
1973 (0.5%) and 1998 (0.4%). After 1998 it increased
almost sixfold to 2.3% in 2013 (Table 1). At 10 m depth,
sponge cover was generally very low and patterns of
change were highly variable among sites, slightly
increasing at sites I and IV and decreasing at sites II and
III. The model with 16 smoothers was the best model.
Differences with models 3 and 4, however, were relatively
small (p = 0.03), indicating some similarity among sites.
Massive and encrusting sponges both increased in cover
between 1973 and 2013 by 74% and 62, respectively.
Crustose coralline algae
Similar to corals, CCA cover decreased during the first
20 yr and remained very low to 2013 (Fig. 3). Mean CCA
cover over all quadrats decreased from 6.4 (1973) to only
1.0% (2013) (Table 1). Model 1 was significantly better
than the three simpler models.
Similarity and variation between time series
Despite the large number of comparisons (40 9 96), time
series formed distinct clusters per benthic group, in par-
ticular for HC, TF and BCM, which confirms similarity in
the temporal trajectories of cover within each group
(Fig. 4). There was a clear clustering of groups that
increased over time (BCM, MA, SP), as well as consider-
able overlap of groups that ultimately declined (HC, TF,
CCA). The time series of SP and CCA were more scat-
tered, but still relatively closely grouped (Fig. 4). This
suggests that patterns of change in these groups were lar-
gely consistent, but that local variation also existed. MA
showed strongest diversity in patterns, with the deeper
([10 m) quadrats at site IV (Bonaire) clearly separated
from the sites on Curac¸ao.
Discussion
Phase shifts on the reefs of Curac¸ao and Bonaire
The composition of the benthic coral reef community in
Curac¸ao and Bonaire between 10 and 40 m depth has
changed significantly between 1973 and 2013. In general,
the direction of the shift was similar across sites and depths
(Fig. 2), suggesting spatial homogeneity in the forcing
factor(s) driving the trajectories of change in reef com-
munity composition. We have integrated temporal trends
pooling sites and depths in Fig. 5. Most striking is the
unprecedented increase in cover of BCM from the late
1990s onwards. BCM have become a dominant component
on these reefs at least down to 40 m. The reefs on Curac¸ao
and Bonaire are commonly classified among the least
degraded in the Caribbean region (Jackson et al. 2014).
Unlike Jackson et al. (2014), our sites only included reefs
downstream or close to urban areas. In the 1970s the
community was dominated by calcifying organisms (corals
and CCA). Over a 40-yr period, it has developed towards a
community dominated by algae and subsequently
cyanobacterial mats. The obvious decline in coral cover
and the increase in algal abundance from 1973 to 2000
match those observed on coral reefs throughout the wider
Caribbean region (Gardner et al. 2003; Bak et al. 2005;
Jackson et al. 2014) and worldwide (Hughes 1994;
McCook et al. 2001). CCA also declined. Although CCA
cover was generally low and fluctuated between time ser-
ies, our results highlight a conspicuous loss in benthic
calcifying organisms. Reduced calcification and cementa-
tion on a reef means a decline in reef accretion. Ultimately,
this will lead to a further loss of reef structural complexity
(Alvarez-Filip et al. 2011).
Table 1 Mean percentage cover and 95% confidence intervals (95%
CI) of the individual biotic and abiotic groups at the start (1973, 1974
for Karpata) and end (2013) of the time series
Group 1973/1974 2013
Mean 95% CI Mean 95% CI
Hard coral 32.6 24.7–42.9 9.2 5.3–14.5
Algal turfs 24.7 18.4–32.1 10.7 8.6–13.6
Benthic cyanobacterial mats 0.1 0.0–0.1 22.2 16.0–29.5
Macroalgae 0.0 0.0–0.0 2.0 0.4–6.6
Crustose coralline algae 6.4 4.4–9.0 1.0 0.2–3.0
Sponges 0.5 0.1–1.5 2.3 0.8–5.5
Other 1.3 0.2–4.3 2.3 1.0–4.8
Bare substrate 4.4 2.9–6.4 0.6 0.1–2.1
Sand 13.8 9.4–19.8 13.1 9.2–18.0
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Over the past 40 yr coral cover gradually declined
(Fig. 3). This decline in coral cover is not clearly linked to
a sudden increase in cover of any of the benthic competing
organisms (TF, MA or BCM) and does not support com-
petitive loss to a given benthic group as a primary cause of
coral mortality. The observed shift towards fast-growing
organisms may, however, constrain the ability of corals to
reclaim invaded substratum and prevent coral recovery
after disturbance (McCook et al. 2001). The absence of
obvious fluctuations in cover of sand and bare substratum
indicates rapid colonisation of free substratum after coral
mortality and suggests that competition for newly vacant
space on hard substratum is intense. The increase in BCM
coupled with a decline in algal turfs and, to a lesser extent,
fleshy macroalgae, and an increase in sponge cover may
indicate a new successional phase of coral reefs.
The rise of BCM and sponges
The trend of algal turf assemblages becoming the dominant
benthic cover on the reefs of Curac¸ao and Bonaire has been
observed on reefs worldwide, e.g. Curac¸ao (Vermeij et al.
2010), Australia (Gorgula and Connell 2004), the Gulf of
Arabia (Haas et al. 2010) and the remote Line Islands in the
Pacific (Sandin et al. 2008). The general consensus is that
algal turfs benefit from elevated nutrient loads (Gorgula
and Connell 2004; Vermeij et al. 2010). It is often sug-
gested that a phase shift has occurred on many coral reefs
where algae have mostly replaced the calcifying organisms
(e.g. Hughes 1994). From the late 1990s onwards, however,
BCM increased and became dominant at the expense of
algal turfs and macroalgae while sponges showed a more
limited but steady and significant increase (Fig. 3). The
frequently observed interaction in which BCM overgrow
fleshy macroalgae may have led to an underestimated
recent algal cover. Despite being overgrown, these
macroalgae (almost exclusively Dictyota spp. and Lobo-
phora spp.) may still be functionally important in the
Fig. 4 Non-metric
multidimensional scaling plot
displaying the degree of
similarity between time series
within and among the six main
benthic groups: hard coral (HC,
blue triangles), algal turfs (TF,
yellow inverted triangles),
benthic cyanobacterial mats
(BCM, brown squares),
macroalgae (MA, green
diamonds), sponges (SP, pink
circles) and crustose coralline
algae (CCA, black crosses).
Each point represents the
pattern of changes in cover of a
specific benthic category at one
site and depth (i.e. an individual
time series). Closer points
indicate more similar patterns
through time. The label of each
point consists of the
abbreviation of the benthic
group, depth (10, 20, 30, 40 m)
and site (I, II, III, IV)
Fig. 5 Trajectories of change for six benthic groups: hard coral (HC,
blue), algal turfs (TF, yellow), benthic cyanobacterial mats (BCM,
brown), macroalgae (MA, green), sponges (SP, pink) and crustose
coralline algae (CCA, black). Lines represent estimated models (with
95% confidence bands) of the change in mean percentage cover over
all sites (I, II, III, IV) and depths (10, 20, 30, 40 m)
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benthic assembly. Nevertheless, macroalgae have declined
in cover and the observed shifts suggest that former reefs
recently dominated by algae may be less stable than pre-
viously thought and that a next successional phase may be
dominated by BCM and sponges with some fleshy
macroalgae.
Algal turfs consist of a large consortium of species,
including cyanobacteria (Connell et al. 2014). They may
develop to later successional taxa such as standing crops of
macroalgae or BCM depending on local and global con-
ditions. For instance, reduced water quality, high grazing
pressure and elevated water temperature stimulate BCM
growth over macroalgal growth (Kuffner and Paul 2001;
Bender et al. 2014). Many cyanobacterial species can fix
nitrogen (Larkum et al. 1988), but are limited in growth by
phosphorous or iron (Kuffner and Paul 2001), indicating
they may benefit from elevated nutrient levels in the water.
They also respond positively to organic matter enrichment
in sediments (Brocke et al. 2015a).
High BCM cover has been observed along the leeward
side of Curac¸ao, Bonaire, and on multiple other reefs
throughout the Caribbean including St. Eustatius, Mar-
tinique, and on Saba Bank (de Bakker et al. pers. obs.). In
addition, high BCM cover has been observed throughout
the entire year, suggesting high cover is not necessarily
only seasonal. Increased occurrence of reef dwelling
cyanobacterial blooms has been found on coral reefs
around the world (e.g. Charpy et al. 2012). It is plausible
that a decline in water quality and elevated water temper-
ature initiated the recent shift to dominance of BCM on
these reefs (Brocke et al. 2015a; Den Haan 2015). The
reefs of both islands receive untreated sewage water via
discharge and/or groundwater (Buth and Ras 1992;
Lapointe and Mallin 2011). This probably applies to the
entire course of the time series, because local sewage
treatment plants are overall not working properly (Curac¸ao
Ministry of Health, Environment and Nature 2014). A
considerable rise in the number of inhabitants (50%
increase since 2001 in Bonaire) and tourists on both islands
(CBS Curacao, www.cbs.cw; CBS Dutch Caribbean, www.
rijksdienstcn.com) has further increased the pressure of
sewage pollution as well as land-based run-off and sedi-
mentation on these reefs. Obtaining supporting evidence
for such eutrophication is challenging because the largest
pool of nutrients reaching the reef will be rapidly converted
into biomass or trapped in the sediment (Koop et al. 2001).
Slijkerman et al. (2014) and Govers et al. (2014) found
indications of eutrophication on the reefs of Curac¸ao and
Bonaire; however, long-term measurements of nutrient
concentrations are virtually absent. Apparently, the entire
Caribbean basin suffers from elevated nutrient load as a
consequence of human impact (Siung-Chang 1997; Pawlik
et al. 2016). Accordingly, increased anthropogenic induced
stress both local (e.g. eutrophication) and regional (e.g.
elevated temperature) likely initiated the observed com-
munity shift from algal dominance towards dominance of
BCM and sponges. The descriptive nature of the data,
however, allows only speculation with regard to the exact
underlying causes behind the observed trends.
Below 10 m depth, sponge cover started increasing at
approximately the same time that BCM appeared on a large
scale (Fig. 5). Explanations for this increase in sponge
cover could be the removal of spongivorous fishes (Loh
et al. 2015) and/or a positive feedback loop between
sponges, macroalgae and microbes on Caribbean reefs
(Pawlik et al. 2016). Sponges feed on dissolved organic
matter (DOM) produced by macroalgae (Mueller et al.
2014; Rix et al. 2016). In turn sponges release nutrients (De
Goeij et al. 2013) that can fuel macroalgal expansion. A
similar feedback loop may exist involving BCM which also
release DOM (Brocke et al. 2015b). However, whether
BCM-derived DOM is a suitable source for sponges
remains to be investigated. Nevertheless, algae, BCM and
sponges all compete for space with corals and can have
negative consequences for the coral microbiome, reducing
coral resilience to disturbances and reinforcing reef
degradation (Vega Thurber et al. 2009; Pawlik et al. 2016).
Community dynamics across a depth transect
Deeper reefs ([20 m) have rarely been considered in long-
term ecological studies (but see Bak and Luckhurst 1980;
Bak et al. 2005; Nagelkerken et al. 2005; Nugues and Bak
2008; De Bakker et al. 2016a). Our study shows that the
observed main trends in community dynamic occurred
down to 40 m depth. Although changes at 40 m depth were
less pronounced (Fig. 2), trends on the upper mesophotic
reefs (30 and 40 m) were also marked by a loss of calci-
fying organisms, mainly driven by the mortality of
Agaricia species (Bak et al. 2005), and a shift towards
BCM dominance (Fig. 3). It is commonly assumed that
deeper reefs are less subjected to anthropogenic impacts
and events such as hurricanes, bleaching or harmful blooms
and serve as potential refugia or buffer for coral reef spe-
cies (Glynn 1996; Hughes and Tanner 2000). However, our
study shows that mesophotic reefs are not free of stress (see
also Bongaerts et al. 2010). For example, bleaching and
increased sedimentation have also impacted the deeper
reefs of Curac¸ao and Bonaire (Bak et al. 2005; Nugues and
Bak 2008). The degradation of communities on deep reefs
suggests both reef zones (shallow and deep) are now sub-
ject to anthropogenic induces disturbances.
In conclusion, the composition of benthic communities
on the fore-reef of Curac¸ao and Bonaire has changed dra-
matically over the past 40 yr. Calcifying organisms have
been reduced to mere figurants, and cyanobacterial mats
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have become a dominant benthic component. Our results
suggest that the shift from coral and CCA towards turf and
macroalgae may be a transitional phase that can further
develop towards a new successional phase of BCM and
sponge dominance with a less prominent role for fleshy
macroalgae. This new community state has not previously
been thoroughly described. Considering the ongoing
increase of human impact (both local and global) on the
coral reef environment, it may represent the next alarming
step in the degradation of coral reef health.
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